Soil health diagnosis in nearly 100,000 farmers' fields under 'Bhoochetana' initiative in Karnataka showed widespread soil degradation. Soil mapping-based fertilizer management was an effective entry-point intervention to take most farmers on-board to initiate the process of upgrading agriculture. Soils of the farmers' fields showed low levels of micro-and secondary nutrients such as zinc (Zn) (55%), boron (B) (62%) and sulphur (S) (52%) in addition to that of phosphorus (P) (41%), potassium (K) (23%) and soil organic carbon (C) (52%). Soil mapping-based fertilizer management recorded significant productivity benefits that varied from 25% to 47% in cereals, 28% to 37% in pulses and 22% to 48% in oilseed crops. In terms of economics, a rupee spent on soil test-based fertility management brought returns of Rs 3 to Rs 15. Similarly, the participatory trials showed that the use of high yielding varieties of sorghum, pearl millet, finger millet, groundnut, soybean, castor, pigeonpea and chickpea enhanced productivity by 30% to 123%. The tangible benefits through soil mapping and variety based interventions have enhanced the risk-taking ability of farmers to invest in technologies based on use of soil testing and use of improved cultivars of crops. The adoption of simple knowledge-based technologies as entry point interventions along with policy reorientation to ensure knowledge sharing and availability of needed inputs at village level, enabled in a period of four years (2009-2013) to outreach more than 5 million families in Karnataka to transfer improved technologies in more than 7 million ha area. The study indicates that knowledge-based entry point interventions like soil mapping and improved varieties targeted at providing simple solutions are the best options for quick benefits and rapportbuilding with the majority farmers to initiate a collective action for technological upgradation of dry land agriculture.
Introduction
IN the context of general food security and mainstreaming of the smallholders, the urgency to strengthening agriculture in the semi-arid tropics is well conceived; and significant public, private efforts are being directed towards achieving it. Research-based inclusive market oriented interventions have high potential in improving the farmbased livelihoods through minimal investments. Mix of technologies targeted at intensification, diversification and strengthening allied enterprises across the value chain in a system context need to be implemented for a productive and resilient agriculture in the semi-arid tropics. However, the success of any research for impact depends largely on the effective mobilization and participatory action by farmers and other stakeholders. Demand-driven progressive selection of interventions, particularly the entry point interventions to help farmers on a large scale in the shortest possible time, play an important role in initiating collective action for upgrading agriculture. Studies indicate that knowledge-based rather than investment-focused interventions to solve farmers' issues are more effective for rapport building and initiating collective action with the farmers for sustainable benefits 1 . In rainfed agriculture, low crop yields are the main issue for the farmers and studies have indicated that the yields can be increased by 2 to 4 folds [2] [3] [4] [5] [6] [7] [8] [9] [10] . Decrease in soil fertility and water scarcity are the main causes for low crop yields and inefficient utilization of production resources [11] [12] [13] [14] [15] [16] [17] [18] . Globally, only half of the nutrients that crops take from the soil are not replenished. The depletion of soil nutrients often leads to low fertility levels that limit production and severely reduce water productivity. The characterization of fertility status of farmers' fields particularly in India, has indicated micro-, and secondary nutrient deficiencies of boron (B), zinc (Zn) and sulphur (S) in addition to nitrogen (N), phosphorus (P) and potassium (K). Such nutrient depletion is the chief biophysical factor limiting production [11] [12] [13] [14] [15] [16] [17] [18] . Soil health is a pre-requisite to strengthen agro-based enterprises and may prove to be a very effective entry point intervention to quickly harness the productivity benefits while bringing on board the majority farmers to initiate the process of upgradation of dryland agriculture. Similarly, the use of low yielding cultivars is another stumbling block for enhancing productivity of dryland agriculture 19 . Therefore, an introduction of improved cultivars of crops through participatory evaluation is another potential entry point intervention.
Materials and methods

Study site description
The region for this study was Karnataka which has a total geographical area of 19.2 m ha; and of which 10.4 m ha is the net sown area and 12.8 m ha total cropped area 20 . Out of total cropped area, only 4.1 m ha is gross irrigated area and 8.8 m ha is total gross un-irrigated area. About 5.4 m ha is cultivated to cereals and millets like rice, jowar, maize, ragi, bajra, wheat and other millets; and about 2.5 m ha is under pulses like gram, pigeonpea and others. All food crops that include cereals, pulses, fruits, vegetables, condiments, spices and sugarcane cover an area of 9.4 m ha; and non-food crops including oilseed, fiber, dyes, drugs, plantations, fodder and green manuring crops cover an area of 3.4 m ha.
Agriculture is the predominant occupation of about 60% of the population. Analysis of the data (2000 to 2010) indicates that the general productivity of most crops in Karnataka is lower than the national average ( Table 1) . As compared to the base year 2000-01, the growth in productivity of food grains, pulses and oilseeds has decelerated over the years. Only in 3 out of 9 years, higher food grain productivity over the base year was observed; only 2 out of 9 years showed higher pulses productivity and none of the succeeding years showed higher oilseed productivity over the base year. The deceleration in agricultural growth led to rural distress in Karnataka. According to national sample survey (JanuaryDecember 2003), out of around 4,041,300 farmer households, 2,489,700 were indebted 21 . Under such circumstances, the flagship initiative 'Bhoochetana' meaning 'reviving the land' was launched by the state government to initiate the process of improving agriculture in the state. The ICRISAT (International Crops Research Institute for the Semi-Arid Tropics)-led consortium with department of agriculture as nodal agency, adopted soil mapping as an entry point intervention to harness productivity benefits and initiate a collective action for strengthening agro-based livelihoods in the state.
Participatory soil sampling and soil health mapping
Participatory soil sampling was used as an important activity to build rapport with the farmers and to bring awareness for such initiative. The farmers were trained about the importance and process of soil sampling.
Soil samples (>100,000 from 30 districts) were collected from fields by farmers' themselves with support of experts by adopting stratified soil sampling method 22 . Using stratified soil sampling method, the target villages (~25% representative selected through Remote Sensing and Geographic Information System) in the districts were divided into three topo-sequences. At each topo-sequence location, samples were taken proportionately from small, medium and large farm-holding farmers' fields to represent different soil colour, texture, cropping system and agronomic management. Eight to ten crores of surface CURRENT 
Development of fertilizer recommendations and sharing results with farmers
In contrast to the state (comprising of 30 districts) level fertilizer recommendations for N, P and K only, soilbased fertilizer recommendations were developed at the level of cluster of villages called block/taluk. Micro-and secondary nutrients were also included in the recommendations. As percentage of nutrient deficiency, full dose of a particular nutrient was recommended if deficiency was on >50% fields in a block and half dose of a nutrient if deficiency was on <50% fields. This strategy of fertility management was adopted to target optimum yields considering risks involved in rainfed agriculture and other practical considerations. The critical values for delineating deficiency were 5.0 g kg -1 for organic C, 5 mg kg -1 for P, 50 mg kg -1 for K, 10 mg kg -1 for S, 0.58 mg kg -1 for B and 0.75 mg kg -1 for Zn 11 . Mixes of traditional and innovative tools were adopted to share analysis results and recommendations with the farmers. In addition to formal and informal meetings with the farmers, the soil analysis results and recommendations were provided to the farmers through pocket (soil) health cards. Wall writings were done in local language in each and every village. Soil health atlas was provided to extension agents as a guide and interactive GIS-based maps were put on web.
Soil mapping-based fertilizer management as entry point activity
In order to scale-out the soil health mapping-based fertilizer management to the millions of smallholders in the state, the government of Karnataka provided policy reorientation to facilitate the timely availability of incentivized inputs in the villages. The lead farmers were selected and trained to serve as farm-facilitators to create awareness and transfer soil test-based fertilizer management practices in the farmers' fields.
Within this development-based initiative to evaluate the soil-based fertilizer management, the participatory trials were conducted mainly during the rainy (JuneSeptember) and post-rainy (October/November-January/ February) seasons during 2009 to 2014. There were two treatments that were evaluated in the farmers' fields every season, i.e. (i) FP: application of N, P and K only, and (ii) BN (balanced nutrition): comprising of FP inputs plus S, B and Zn. 23 . The nutrient/fertilizer recommendations were adjusted at the block (mandal) level in the districts as explained in the previous section. The fertilizer sources for nutrients were urea for N, DAP (diammonium phosphate) for P and N, gypsum for S, zinc sulphate for Zn and borax (10% B) for B. The treatments were followed on 2000-4000 sq. m plot, side by side, and uniform crop management practices were ensured in both the FP and BN treatments. Application of all nutrients was made basal except the N in non-legumes of which 50% was added as basal and the remaining in two equal splits at one month interval.
At maturity, the yields were recorded by harvesting crop from three sub-plots in a treatment measuring 3 m  3 m and the average of three was taken as the yield in kg ha -1 .
Improved crop varieties based entry-point activities
The use of low potential varieties remained as another major stumbling block for achieving higher yields on farmers' fields. Therefore, farmers' participatory evaluation of high-yielding crop varieties was also made as another entry point activity on selected farmers' fields. Improved seeds such as finger millet (MR-1), sorghum (CSV-22), pearl millet (ICTP-8203 and HH-1367), groundnut (ICGV-91114), soybean (JS-9560), castor (DCH-177 and Jyothi), pigeonpea (ICPL-87119 and ICPH-2671) and chickpea (JG-11 and JAKI-9218) were provided to the farmers during 2013-14 to cultivate an area of 2000 sq. m adjacent to the fields with the local variety. Soil testbased fertilizer management along with similar recommended agronomic practices was adopted in both the plots. As in the case of soil mapping based management trials, the yields were recorded at maturity by harvesting crop from three sub-plots in a treatment measuring 3 m  3 m and the average of three was taken as the final yield expressed in kg ha -1 .
Soil chemical analysis
The soil samples collected were air dried, ground and passed through a 2-mm sieve. For organic carbon, the soil samples were ground to pass through 0.25 mm sieve. The processed samples were analysed for pH, soil organic C, available S, B, Zn, P, and K in Charles Renard Analytical Laboratory, ICRISAT. Soil reaction (pH) was measured with the help of glass electrode using soil to water ratio of 1 : 2. Organic C was determined using the Walkley-Black CURRENT SCIENCE, VOL. 110, NO. 9, 10 MAY 2016 1686 method 24 , available P using the sodium bicarbonate (NaHCO 3 ) method 25 , available K using the ammonium acetate method 26 and available S using 0.15% calcium chloride (CaCl 2 ) as an extractant 27 . Available Zn was extracted by diethylenetriaminepentaacetic acid (DTPA) reagent 28 and available B by hot water 29 . Available P was determined using colorimetric method and K by Atomic Absorption Spectrophotometer (AAS) (SavantAA, GBC Scientific Equipment, Braeside, VIC, Australia). Analyses of S, B and Zn were made using the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) (Prodigy High Dispersion ICP, Teledyne Leeman Labs, Hudson, New Hampshire, USA).
Estimation of benefits under improved management
To evaluate the benefits of improved management interventions, crop yields were recorded at maturity, from both the farmers' practice and improved practice treatments. The additional cost of S, B and Zn under BN was worked out on prevailing average market prices of fertilizers used, viz. chickpea, Rs 39 kg -1 pigeonpea and Rs 37 kg -1 castor. The benefits to cost ratios were worked out by dividing additional returns through higher yields with additional costs. The currency conversion factor was, Rs 1 = USD 0.016.
Results and discussions
Soil health mapping and awareness
Soils in general are highly degraded in the semi-arid tropics due to heavy mining of nutrients and improper management. Considering this, the ICRISAT-led consortium paid attention on soil health assessment of crop fields across districts in Karnataka. The results of analyses of soil samples indicated multi-nutrient deficiencies ( Figure  1 ). Widespread nutrient deficiency endorses the case of soil mapping-based fertilizer management as an effective entry point intervention to benefit millions of small holders. Therefore, nutrient management strategy was designed at the level of cluster of villages (block/taluk) against usual recommendations at state level to take care of varying soil fertility needs.
As regards fertility levels, soil organic C which is an indicator of general soil health and specifically of N, was deficient in majority of the fields (52%) (Figure 2 ). Seventeen out of 30 districts were highly impoverished with soil organic C in Bengaluru (U), Bengaluru (R), Bijapur, Chamarajnagara, Chikkaballapur, Chitradurga, Davangere, Gadag, Gulbarga, Haveri, Kolar, Koppal, Mysore, Raichur, Ramanagara, Tumkur and Yadgir. As regards extractable P, 41% fields were deficient, indicating that majority of the fields has sufficient P. This finding provides an opportunity through site-specific nutrient management to reduce the use and cost of P fertilizers. However, 11 districts (Bagalkote, Belgaum, Bellary, Bijapur, Chitradurga, Dharwad, Gadag, Gulbarga, Kodugu, Tumkur and Udupi) showed majority of the farmers' fields (>50%) is deficient in P. In Karnataka available K was low only in 23% fields and a science-based approach calls for a cut on the recommendation of K fertilizer application. But K deficiency was a matter of concern in Belgaum and Kodugu districts where majority fields tested low. The diagnosis results indicated widespread 
Soil mapping-based fertilizer management and crop productivity
Crop wise analysis of yields in Karnataka obtained during 2009 to 2013 showed productivity benefit through improved management over the farmers' practice across all the crops (Table 2) . Percentage improvement in productivity was similar in rainy (kharif) and postrainy (rabi) season crops. Rainy season crops on an average recorded productivity improvement of 25-45% in cereals, 28-37% in pulses and 22-48% in oilseeds. Similarly in postrainy season crops, productivity improvement varied from 27% to 47% in cereals, 28% to 33% in pulses and 29% to 39% in oilseeds. In cash crops, productivity improvement varied between 22% and 31% in cotton and 11% and 15% in sugarcane.
In rainy season cereals, the additional advantage in quantitative terms amounted to 580-790 kg ha -1 in sorghum, 1230-2380 kg ha -1 in maize, 980-1150 kg ha -1 in paddy, 480-730 kg ha -1 in pearl millet and 400-780 kg ha -1 in finger millet. In rainy season, the additional yields of pulse and pigeonpea varied between 190 and 430 kg ha -1 . In rainy season oilseed crops, the additional yields were to the extent of 360-580 kg ha In post-rainy cereals, the improved management resulted additional food grains up to 360-620 kg ha -1 in sorghum, and up to 400 kg ha -1 in wheat. In post-rainy pulse chickpea, the additional advantage was up to 170-440 kg ha -1 . Similarly, in post-rainy sunflower, the additional advantage was from 240 to 510 kg ha -1 . An analysis of crop yields across different years showed in general a lower yield level during 2012, which was a drought year (Table 2 ). However, under improved practice, the percentage increment in crop yields was almost the same as during previous years. Thus soil testbased nutrient balancing not only enhances crop productivity but also adds to resilience-building of production systems 14, 17 . The findings from the participatory trials demonstrated the need for adopting science-led improved crop management practices and soil test-based fertilizer management to boost productivity and improve livelihoods in the SAT. Realizing the benefits in initial seasons, many farmers quickly became associated with the initiative and adopted balanced fertilizer management. This indicated that the science-led strategy involving soil mappingbased fertility management can be effective entry point intervention in any initiative to bring farmers on board. In the 'Bhoochetana' initiative, area targeted under balanced fertilization was progressively increased since 2009-10, the starting year to >7 million hectares in 2013-14 with an outreach of >5 million families.
Economic benefits with soil mapping-based fertilizer management
Any intervention is scalable only if it is economically remunerative. The soil test-based application of secondary and micronutrients which was extensively scaled out as an entry point activity, added additional expenditure of Rs 1417 to Rs 1872 ha -1 across different crops (Table 3) . However, the net economic benefits (additional returnadditional cost) due to huge gain in yields over the farmers' practice were substantial -Rs 4646 to Rs 19978 ha Considering area coverage and additional economic benefit through the improved productivity under the improved management for the period of 2009-10 to 2012-13, the state accrued a benefit of 240 million USD.
Improved varieties and benefits
The use of improved crop varieties significantly increased yield over the farmers' current varieties. In case of cereals, productivity improved by 63% in finger millet, 112% in sorghum, and 30-40% in pearl millet. In pulses, productivity increased by 83-87% in pigeonpea and 104-123% in chickpea. Similarly in oilseed crops, the productivity of groundnut increased by 99%, that of soybean by 69% and that of castor by 37-48%. The economic analysis indicated that small additional investments on improved variety seeds resulted in a significant higher additional return with high benefit to cost ratios. One rupee spent on improved variety seed resulted in an additional return by Rs 50 in finger millet, Rs 22 in sorghum, Rs 26-35 in pearl millet, Rs 3 in groundnut, Rs 12 in soybean, Rs 12-27 in castor, Rs 29-30 in pigeonpea and Rs 4 in chickpea.
Conclusions
The widespread deficiencies of major (N and P), secondary and micronutrients drastically affect crop yields. Improving soil health in semi-arid tropical regions is critical for not only ensuring food security, but also for mainstreaming the underprivileged sections of the society. Soil mapping-based entry point activity to rejuvenate agriculture is a common interest for most farmers. Through minimal investments, most farmers can benefit from increased productivity through the scientific interventions. The smallholders in Indian SAT areas in particular and elsewhere in general, need more awareness about soil health and crop variety issues, and the availability of proper technologies. Hence, there is a strong need for enabling policies to adopt soil mapping in terms of assessing soil fertility for scaling-up agriculture and other activities. Appropriate policy orientation to facilitate technical and financial support for precise soil sampling and analysis and timely availability of inputs need special attention.
